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Intrinsic protein ﬂuorescenceThe present work aimed to compare the effects of different lysophosphatidylethanolamine (LPE)
content in lipids derived from Yersinia pseudotuberculosis cells exposed and not exposed to phenol
on the conformation of OmpF-like porin of these bacteria. Differential scanning calorimetry and
intrinsic protein ﬂuorescence showed that the 2.5-fold increase of LPE content and the correspond-
ing increase in the phase transition temperature of bacterial lipids were accompanied by enhanced
protein thermostability. Integral conformational rearrangement of protein was supported by drastic
changes in the microenvironment of the tryptophan residues, likely resulting in a convergence of
monomers in trimeric porin and exposure of outer tryptophan residues to the water environment.
These conformational changes may impede the porin channel permeability under stress conditions
in bacteria.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The lipid bilayer of biological membranes is characterized by
complex structural and dynamical properties, which are important
for the structural organization and function of membrane proteins
and for many cell functions. The OmpF-like porin of the
Gram-negative bacteria Yersinia pseudotuberculosis (YOmpF) is a
cylinder-shaped homotrimeric protein that forms a non-speciﬁc
transmembrane channel, allowing passive diffusion of hydrophilic
low-molecular-mass substances across the bacterial outer
membrane [1]. Thus, the protein–lipid interactions are crucial for
cellular functions of this protein.
Membrane lipids form a dynamic liquid crystalline matrix, the
ﬂuidity of which is maintained under altering environmental
conditions of bacteria and other poikilothermic organisms [2]. It
is assumed that compensatory changes in physicochemical proper-
ties of membrane lipids are necessary to optimize functional
properties of membrane proteins under new environmental condi-
tions [3,4]. The absence of effective adjustments to environmentalstresses results in deterioration in cellular functions or in cell death
of poikilothermic organisms [5].
In spite of the high ability of Y. pseudotuberculosis to adapt to
different environmental conditions by changing its lipid composi-
tion, the effect of different lipid surroundings on the conformation
of the major membrane protein – YOmpF porin – is still unclear.
However, our study of the properties of the hybrid system, com-
prising glycolipid monogalactosyldiacylglycerol from different
marine macrophytes and YOmpF led to the conclusion that physi-
cochemical properties of lipid surroundings are very important for
conformation and immunogenicity of this protein [6].
Various stress factors such as heat shock [7], low pH of medium
[8] and treatment by phenol biocide [9] were shown to drastically
increase the content of lysophosphatidylethanolamine (LPE), the
level of which usually does not exceed 2–5% in membranes of bac-
teria. Accumulation of LPE in bacterial membranes is supposed to
be one of a number of adaptive responses to stress.
The present work is aimed to study the effect of unusual accu-
mulation of LPE in total lipids of Y. pseudotuberculosis cells ex-
posed to phenol on the conformation of OmpF-like porin of
these bacteria. Since this main adaptive response, namely conver-
sion of outer membrane PE to LPE catalyzed by phospholipase A,
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tal lipids were used to model lipid microenvironment of puriﬁed
porin in vitro.
2. Materials and methods
2.1. Bacterial cells
The strain KS 3058 of Y. pseudotuberculosis O:Ib serovar was cul-
tivated in nutrition broth (NB, Obolensk, Russia) at 8 C. Bacterial
cells were grown in 1-L ﬂasks for 6 days. After achievement of early
stationary phase [10], bacteria were either treated by 1% phenol for
20 min or were left intact. Bacterial cells were separated from cul-
ture medium by centrifugation at 5000 rpm for 20 min. The sepa-
rated cells were washed two times in physiological solution
(0.85% NaCl, pH 5.5).
2.2. Isolation and thin-layer chromatography of lipids
Total lipids were extracted twice by chloroform–methanol (2:1,
by volume) for 2 h at 8 C from bacterial cells. The suspension of
cells was centrifuged at 3000 rpm for 15 min. Supernatant (the ﬁrst
lipid extract) was discarded, and the pellet was re-extracted with
the chloroform–methanol mixture. Freshly prepared lipid extracts
were used for the following procedures.
Phospholipid (PL) composition was deﬁned by thin-layer chro-
matography (TLC) using chloroform–methanol–benzene-28% NH4-
OH (65:30:10:6, by volume) in the ﬁrst direction and chloroform–
methanol–acetic acid–acetone–benzene–water (70:30:4:5:10:1,
by volume) in the second direction. PLs were identiﬁed by compar-
ison with authentic samples and by speciﬁc reagents. Non-speciﬁc
detection of PL was carried out with 10% H2SO4 dissolved in meth-
anol, followed by heating at 180 C for 10 min.
2.3. Gas–liquid chromatography
Fatty acid methyl esters were analyzed by gas–liquid chroma-
tography (GLC). Methylation was performed with 5% HCl in meth-
anol for 1 h at 90 C. Methyl esters of fatty acids were puriﬁed by
TLC on silica gel with benzyl mobile phase. GLC analysis was per-
formed by Agilent 6890 GC gas chromatograph at the isothermal
regime with INNOWax capillary column (25 m  0.25 mm  0.25
lm).
The evaporator temperature was 240 C; the column and detec-
tor temperatures were maintained at 200 C and 250 C, respec-
tively. Helium was used as the carrier gas with a linear velocity
of 35 cm s1. Fatty acids were identiﬁed according to their equiva-
lent chain-length (ECL).
2.4. Preparation of lipid–porin complexes for DSC and spectroscopic
studies
Trimeric YOmpF porin was isolated from Y. pseudotuberculosis
(stain 598, serovar 1B) according to [11]. Purity of porin sample
was conﬁrmed by SDS–PAGE and N-terminal analysis [12].
Pore-forming activity of the protein was established by BLM tech-
nique [13,14]. Total lipids from Y. pseudotuberculosis dissolved in
chloroform were introduced into standard aluminum pans.
Vacuum-dried lipid samples of 1 mg were vortexed in 100 ll of
0.03 M Tris–Cl buffer, pH 7.8, and preheated to approximately 50
C. Then, 0.5 mg of porin solubilized in 0.03 M Tris–Cl buffer,
pH 7.8, with 0.125% n-octyl-b-D-glucopyranoside was added and
mixed with the lipid dispersion by vortex. As found earlier,
n-octyl-b-D-glucoside maintains the YOmpF conformation as close
to its spatial structure in the membrane and does not disintegrate
bilayer lipid membrane [11]. The resulting suspension was left for2 h and was then used to study protein conformation by calori-
metric and spectroscopic methods.
For additional method, see Supplementary Materials and
Methods.
2.5. Calorimetry
Total lipids from Y. pseudotuberculosis were solubilized in
chloroform and introduced into standard aluminum pans.
Vacuum-dried samples of approximately 5 mg each were mixed
with a twofold quantity of water–ethylene glycol (2:1, by volume),
and sealed into pans, which then were placed in a DSC-2M differ-
ential scanning calorimeter (Puschino, Russia). Samples were
either heated or cooled at 16 C min1 between 100 and 60 C
at a sensitivity of 40 mW. Position of the maximum of heat
capacity vs. temperature plot was taken for the phase transition
temperature, Tmax. The temperature range was calibrated by using
naphthalene, mercury, and indium.
Calorimetric experimentswith porinwere performed on a Scal-1
differential scanning microcalorimeter (Scal Co., Ltd., Pushchino,
Russia), as described previously [6]. Before measurement, the sam-
ple and reference solutions were thoroughly degassed and carefully
loaded into the cells to avoid bubble formation. Exhaustive cleaning
of the cells was undertaken before each experiment. An overpres-
sure of 2 atm was always kept over the liquids in the cells through-
out the scans to prevent any degassing during heating. A
background scan collected with buffer in both cells was subtracted
from each scan. The reversibility of the thermal transitions was
checked by examining the reproducibility of the calorimetric trace
in a second heating of the sample immediately after its cooling from
the ﬁrst scan. The calorimeter was interfaced with a personal com-
puter and the data were acquired and processed by SCAL software.
Analysis of the data was accomplished on the basis of a simple
two-state irreversible model, N3!k D3, where N3 and D3 are native
and denatured porin trimers, respectively, and k is the effective
rate constant for denaturation changes with temperature, as given
by the Arrhenius equation: k = exp {EA(1/T⁄  1/T)/R}, where EA is
the energy of activation, R is the gas constant, and T⁄ is the temper-
ature at which the rate constant equals 1 min1. In this case the ex-



























where m = dT/dt (K min1) is a scan rate value and DH is the enthal-
py difference between the denatured and native states.
2.6. Fluorescence spectroscopy
Steady-state ﬂuorescence measurements were carried out on a
PC1 spectroﬂuorimeter at 25 C (ISS, USA). Excitation was per-
formed at 296 nm (with excitation and emission slit widths of
3 nm). Fluorescence was measured in the range of 300–400 nm.
Porin ﬂuorescence measurements were carried out in protein solu-
tions with an optical density of less than 0.2 at 280 nm in order to
avoid the inner ﬁlter effect. Emission spectra were corrected for
baseline and instrumental spectral sensitivity.
3. Results
3.1. Characteristic of lipids from Y. pseudotuberculosis
As shown in Table 1, lipids from bacterial cells untreated by
phenol contained a comparably low amount of LPE. Phenol
Table 1
Phospholipid content of total lipids from Yersinia pseudotuberculosis, used to prepare
lipid complexes with porin (% of total lipids).a







PE + LPE/PG + DPG 3.7 2.3
a The data are expressed as the mean of three separate determinations; in no case
did the mean deviation exceed 1%.
Fig. 1. DSC thermograms of total lipids from cells of Yersinia pseudotuberculosis
untreated (dashed line) and treated (solid line) by phenol. The ratio between lipids
and mixture water–ethylene glycol (1:1, by volume) was 1:2, by volume. Vertical
bar represents 25 mW. Scanning rate: 16 K min1. Lipid sample weight was 5 mg.
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the percentage of LPE and the essential reducing of the level of
phosphatidylethanolamine (PE). This was indicative of membrane
phospholipase A activation. Treatment with phenol also led to
other signiﬁcant changes in the anionic PL composition of bacteria
as evidenced by the reciprocal 2-fold changes in the level of
diphosphatidylglycerol (DPG) and PG. In addition, a remarkable
appearance of signiﬁcant amount of monomethyl ether phosphati-
dylethanolamine (MePE) was documented. As is well known, such
changes in lipids are characteristic for bacteria under stressful
conditions [16,17].
Simultaneous phenol treatment resulted in a twofold decrease
in lipid unsaturation (Table 2): The ratio between unsaturated
and saturated fatty acid was reduced by two times, mainly at the
expense of percentage changes in 15:0, 16:1n-7, and 17:0 fatty
acids. The decrease in lipid unsaturation was also distinguished
by the essential increase in the level of cyclopropane fatty acid
17:0cp.
Adaptive changes in both phospholipid and fatty acid composi-
tions resulted in an increase in the DSC phase transition tempera-
ture of total lipids from Y. pseudotuberculosis by 23 C (Fig. 1).
3.2. DSC study of porin–lipid complexes
The thermal denaturation of porin, as well as porin–lipid com-
plexes at pH 7.8, gave rise to well-deﬁned DSC transitions
(Fig. 2).The excess heat capacity functions were analyzed by ﬁtting
the data to the Eq. (1) for the two-state irreversible model. The re-
sults of the ﬁtting are shown in Fig. 2 (solid lines) and in Table 3.
Arrhenius equation parameter estimates of the thermal dena-
turation of porin and its complexes with total lipids from cells ofTable 2
Fatty acid composition of total lipids from cells of Yersinia pseudotuberculosis
untreated and treated by phenol (% of total fatty acids).a
















a The data are expressed as the mean of three separate determinations; in no case
did the mean deviation exceed 0.5%.Y. pseudotuberculosis untreated and treated by phenol (Table 3)
have shown that both lipid samples induced similar increases in
DH and T⁄ by 2.4–2.7 kcal mol1 and 0.9–1.5 K, respectively, com-
pared with pure porin. A well-pronounced difference between the
effects of the two lipid samples was observed in the values of the
activation energy EA, which increased by 56.3 and 69.8 kcal mol1,
respectively, compared with porin alone. Then both lipids in-
creased the thermal stability of porin, but LPE-enriched lipid pro-
vided an essentially stronger effect on this integral parameter of
protein conformation changes.
3.3. Intrinsic ﬂuorescence
More detailed information about the lipid-dependent confor-
mational changes in the structure of YOmpF was revealed through
intrinsic protein ﬂuorescence (Fig. 3). Experimental spectra and
their deconvolution into elementary components, corresponding
to the emission of tryptophan ﬂuorophore [18], have shown differ-
ent effects of lipid samples from Y. pseudotuberculosis on the ter-
tiary structure of porin (Table 4). The wavelength of the
maximum emission (kmax) of total ﬂuorescence spectra increased
in the line: porin (332 nm) ? porin + lipids from untreated cells
(334 nm) ? porin + lipids from treated cells (340 nm).
Both lipid samples induced the disappearance of spectral form
II, which corresponds to the emission of indole chromophore in
contact with molecules of bound water at the surface of protein.
It was accompanied by the enhanced contribution of form III, cor-
responding to the emission of chromophore surrounded by free
water molecules. By contrast, the contribution of spectral formsFig. 2. Temperature dependence of the excess molar heat capacity of YOmpF porin
alone (open circles) and in complex with total lipids from cells of Y. pseudotuber-
culosis untreated (closed circles) and treated (open diamonds) by phenol at a scan
rate of 60 K h1 in 0.03 mM Tris–Cl buffer, pH 7.8, with 0.125% n-octyl-b-D-
glucopyranoside. Solid lines represent the best ﬁt to each experimental curve using
Eq. (1). The protein concentration was 0.83 mg ml1.
Table 3
Arrhenius equation parameter estimates of the thermal denaturation of porin and its complexes with total lipids from cells of
Yersinia pseudotuberculosis untreated and treated by phenol.
Parameters Samples
Porin Porin + lipids from cells
untreated by phenol
Porin + lipids from cells
treated by phenol
DH (kcal mol1) 97.7 100.1 100.4
T⁄ (K) 359.6 361.1 360.5
EA (kcal mol1) 65.8 122.1 135.6
r 0.9993 0.9989 0.9996
DH – The enthalpy difference between the denatured and native states of protein (denaturation enthalpy). T⁄ – Temperature at
which a ﬁrst-order denaturation rate constant (k) is equal to min1. EA – Energy of activation of the denaturation process.
r – The correlation coefﬁcient, which was calculated as r ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1Pni¼1 yi  ycalci	 
2
.Pn
i¼1 yi  ymi
	 
2r , where yi and ycalci are the
experimental and calculated values of Cexp , respectively; y
m
i is the mean of the experimental values of C
ex
p ; and n is the number
of points.
Fig. 3. Intrinsic ﬂuorescence spectra (symbols) of trimeric porin YOmpF alone (a),
in complex with total lipids from cells of Yersinia pseudotuberculosis untreated (b)
and treated (c) by phenol, in 0.03 M Tris–Cl buffer, pH 7.8, with 0.125% n-octyl-b-D-
glucopyranoside, and their ﬁt to the theoretical model of discrete states of
tryptophan residues in proteins (solid lines) which are the sums of the spectral
components S, I, II and III (dashed lines) [18]. Protein concentration – 0.05 mg ml1.
Excitation wavelength was 296 nm.
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in a low-polar hydrophobic environment, also increased. Both
these opposite effects were stronger under the inﬂuence of LPE-
enriched lipids, which caused the disappearance not only of form
II, but also one of form I. Overall, the results clearly showed thatthe changes in ﬂuorescence were lipid-dependent, and tryptophan
ﬂuorescence spectra can be interpreted as an indication of an al-
tered environment of the tryptophan residues in the tertiary
structure of porin.
4. Discussion
Phenol treatment of Y. pseudotuberculosis increased the level of
‘‘stress lipid’’ LPE by 2.5 times compared with untreated cells. The
simultaneous twofold increase in saturation of fatty acid residues
resulted in an increase in the phase transition temperature of lipids
by 23 C. These changes in the physicochemical properties of lipids
surrounding YOmpF induced the enhancement of its thermal sta-
bility that occurs due to the integral conformational change in pro-
tein. However, a conformational change in membrane proteins
likely occurred due to changes in curvature and, hence, energetics
of the lipid bilayer rather than to changes in lipid bilayer ﬂuidity
per se [19]. The curvature of bacterial membranes is primarily
determined by the major non-lamellar lipid PE, which promotes
the negative curvature and instability of the bilayer. PE level ac-
counts for 73.1% of the sum of phospholipids in cells of Y. pseudo-
tuberculosis untreated by phenol. Although phenol treatment
reduced its level to 48.8%, non-lamellar PE still represented the
major part of bacterial lipids. The presence of more than 20% of bi-
layer-prone lipids (PG and DPG) stabilized both lipid mixtures in
overall bilayer organization at both conditions [4].
The conversion of the essential part of PE into other non-lamel-
lar lipid LPE, which favors positive curvature, can lead to curvature
stress relaxation on the surface of the bilayer and to the rise of lipid
phase transition temperature due to denser acyl chain packing. The
geometry of membranes is associated with curvature stress energy,
whose release due to the addition of a micelle-forming amphiphile,
such as LPE [20], can change membrane protein conformation and
function [21,22]. As a result, LPE can cancel the compressing effect
of PE on the surface of lipid bilayer [23].
The reciprocal alteration in the content of lamellar-prone PG
and DPG also seems to contribute to the change in lipid physical
properties. The increased level of the tetraacylated DPG and simul-
taneous decrease in the percentage of PG can contribute to eleva-
tion in the phase transition temperature of lipids from Y.
pseudotuberculosis, which appears to enhance the tolerance of bac-
teria to stress and may reﬂect a requirement for enhancement of
the structural integrity of the cell membrane [24]. Unlike PG,
DPG has a tendency to form reversed hexagonal phases and is
likely to increase packing density in the apolar as well as the polar
parts of the bilayer [25,26]. Both these effects decrease the ability
of proteins to penetrate the hydrophobic environment [27].
Table 4
Inﬂuence of total lipids from cells of Yersinia pseudotuberculosis untreated and treated by phenol on the contribution of tryptophan spectral forms to the total ﬂuorescence
spectrum of porin, %.
Sample Spectral forms of tryptophan
S
(kmax = 317 nm)
I
(kmax = 332 nm)
II
(kmax = 341 nm)
III
(kmax = 352 nm)
Porin 21.2 23.9 14.8 40.1
Porin + lipids from cells untreated by phenol 20.7 26.5 0 52.8
Porin + lipids from cells treated by phenol 29.0 0 0 71.0
2264 S. Nina et al. / FEBS Letters 587 (2013) 2260–2265However, the twofold higher afﬁnity of zwitterionic PE to OmpF
from Escherichia coli, compared with the afﬁnity of anionic PG [28],
suggests primary importance of PE in the conformation of porin.
Deconvolution of experimental ﬂuorescence spectra (Fig. 3, Ta-
ble 4) have shown that different thermostabilizing effect of lipids
with varying content of LPE (Fig. 2, Table 3) is due to their different
effect on the tertiary structure of porin. YOmpF contains three
tryptophan ﬂuorophores permonomer, which are located in differ-
ent structural elements of the porin [29]. According to theoretical
model of YOmpF trimer [30], both Trp56 and Trp211 residues are
localized in the b-strands of barrel. Trp56 resides at the contact site
of the monomers, while Trp211 lies on the outer surface of the pro-
tein trimer. Both residues have a hydrophobic microenvironment,
but Trp56 is more hydrophobic. Trp106 residues localized in L3
loops and inside the pore cavity manifest a higher accessibility
for solvent molecules [1].
The lipid sample with an elevated content of LPE, unlike the
lipid sample with a 2.5-times lower level of LPE, seems to cause
increased packing of monomers in homotrimeric YOmpF, which
creates a more hydrophobic environment for Trp56 and results
in the increased contribution of form S. By contrast, the same li-
pid sample likely promotes the exposure of Trp211 and Trp106
to the highly hydrophilic environment on the surface of protein
and the emission enhancement of form III at a simultaneous de-
crease in forms II and I. Such behavior of Trp211 and Trp106
residues is likely caused not only by the curvature stress relax-
ation, but also by the increased hydrophilic/lipophilic balance of
the lipid bilayer in the vicinity of protein due to the conversion
of PE to LPE and an increase in lipid chain pressure that can ob-
struct membrane protein insertion [27]. The effect of the lipid
sample with a comparatively low level of LPE on the conforma-
tion of porin is likely restricted by the displacement of Trp106
and the respective disappearance of form II. Thus, increasing
thermostability of protein is accompanied by increasing packing
density of monomers in trimeric porin and due to exposure of
protein chains containing Trp211 and Trp106 to the water envi-
ronment. These rearrangements in conformation of YOmpF may
impede the porin channel permeability at stress conditions for
bacteria.
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